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I 
An  animal highly mobile and possessing  the  great sensitivity of 
Paramecium  under various environmental conditions, should prove 
useful in quantitative studies on the rate of forward movement, yet 
Glaser's experiments (1924) describing the effects of temperature on 
speed of translation appear to be the only ones of this nature.  He 
found that the temperature  of the medium influences the rate of swim- 
ming, and hence of the reactions upon which this process depends, in 
the same general way in which it affects ordinary chemical reactions. 
Hydrogen ion  concentration also  has  a  marked effect upon  many 
purely chemical processes.  Numerous  experiments have  been  re- 
corded in which Paramecium has been treated with acids and bases, 
but in none of these was the rate of forward movement used as an 
indicator.  Rather, the effects noted were the time of survival in the 
experimental medium (Dale, 1913; Collett, 1919), or the apparent rate 
of penetration of the  added substance  (Harvey, 1911).  However, 
studies in which the rate of locomotion reflects the effects of the added 
substances are easily carried out. 
II 
The apparatus employed in these  experiments was  similar to  that used by 
Glaser (1924).  Except in certain specified  cases the temperature was kept con- 
stant at 24°C. by means of a water bath in which were immersed small U-shaped 
tubes containing samples of the cultures.  Observations were made through a 
binocular microscope, one of whose oculars contained a micrometer scale.  The 
length of time required by an animal to swim unit distance could then be recorded 
by means of a stop-watch. 
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Observations were made in sets of  ten.  In certain experiments in which the 
conditions, either within the animal or without, did not remain constant, only one 
set of observations could be made.  In most cases, however, thirty readings con- 
stitute an experimental point, and in some instances as many as one hundred and 
fifty.  The readings for any point were averaged and the mean taken as represent- 
ing the speed of the group of animals as a whole.  The objection might be raised 
that such a method perhaps masks the true state of affairs, since abnormally  fast or 
abnormally slow animals are averaged with the rest and might distort the final 
mean value.  However, by plotting the performance of each individual animal in 
a  certain typical experiment and comparing the mode for each group with the 
mean calculated for the same group, it was found that no perceptible error arises 
from this method of recording the data. 
The Paramecia used in these experiments were all derived from a  single indi- 
vidual obtained from a pure line which had been under observation for a year. 
The animals were cultured in timothy hay infusion, made by boiling 2.5 gm. 
of sterile timothy hay (heads and upper stems only) in 250 cc. of water distilled 
from glass,  filtering, correcting for evaporation, and adding 25  cc.  of  Ringer's 
solution.  The medium was then put into test tubes of about 80 cc. capacity and 
the Paramecia and bacteria added from an already existing culture.  The test 
tubes were stoppered with cotton. 
Except in one case experiments were always performed upon animals in culture 
media of the same age and having the same natural pH. 
pH determinations were made by means of the modified colorimetric method 
suggested by Felton (1921), making possible discriminations to 0.05 pH.  It was 
impractical in most of the experiments to use an electrometric method because the 
quantities of fluid available for the determinations were extremely small and a 
micro-electrode such as that used by Bodine and Fink (1925) would have permitted 
the carbon dioxide, present in considerable quantities in some of the experiments, 
to escape from the solution while the measurements were being made.  The time 
required for a determination by means of the drop method, on the other hand, 
amounted to only a few seconds, since the medium was added directly to the indi- 
cator.  The fact that the drop of medium was handled by means of a fine pipette 
offering very little liquid surface to the air prevented the escape of more than a 
negligible amount of  CO~.  A  salt error hardly enters in these  determinations 
because of the minute quantities of salt present, whereas a  protein error is en- 
countered only with very old culture media and when present requires the use of 
the electrometric method. 
Whenever it was necessary to alter the pH experimentally  very small amounts of 
dilute acid or alkali were added to the culture medium in the U-tube.  The amount 
of added substance was not sufficient to cause significant osmotic effects,  as was 
proven by the addition of equal volumes of distilled water which did not alter the 
speed of swimming.  By adding the acid or alkali directly to the culture medium 
in which the animals were growing disturbance was reduced to a minimum. AURIN  M'.  CHASE  AND  OTTO GLASER  629 
III 
Bodine (1921) observed in a hay infusion culture containing bacteria 
and Paramecia certain changes of pH correlated with age.  Our repeti- 
tion of Bodine's experiments yielded results essentially similar to his 
(Fig.  1), although the rate at which the pH changes in the cultures 
now under consideration is much faster than in Bodine's experiments. 
As shown in the figure, the rate of change of pH is related to the volume 
of the medium; more especially, to the ratio of volume to surface. 
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FIG. 1.  Natural change in hydrogen ion concentration of different volumes of 
hay infusion medium, following inoculation with Paramecia and bacteria. 
While the mechanism of this change of pH falls outside the scope 
of the present inquiry, the fact itself is well established and makes it 
possible to observe the effects of pH on rate of forward movement in 
Paramecia without in any way tampering with the medium in which 
they are living.  The results of such observations are shown in Fig. 
2  A, in which rate of locomotion is greatest when the culture is most 
acid and decreases markedly as the culture becomes more alkaline. 
IV 
Is the decrease in speed which occurs as a culture ages and the pH 
rises, due to the change in hydrogen ion concentration or to an increase 630  FORWARD  MOVEMENT  OF  PARAMECIUM 
of waste products or possibly to the disappearance of  some materials 
essential  to the Paramecia?  To settle this point  the best  method is 
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FIG. 2.  Rate of forward movement of Paramecium  following prolonged exposure 
to different hydrogen ion  concentrations.  A.  Naturally-changing hydrogen ion 
concentration occurring in an aging culture  medium.  B.  Hydrogen ion concen- 
trations produced  by the addition of valeric acid or ammonium hydroxide to the 
culture medium.  C.  Hydrogen ion concentrations produced in identical  culture 
media  by  the  addition  of  carbon  dioxide.  D.  Hydrogen  ion  concentrations 
produced by the addition of HC1 or H2S04 to the culture media. 
to  alter  the  pH of samples of a  naturally  neutral  medium  (pH  7.0) 
by  artificial  means  and  to  observe  the  effects on  speed.  Carbonic 
acid was  chosen  since this  is probably the one most effective in  the AURIN  M. CHASE  AND  OTTO  GLASER  631 
natural culture.  Two methods were employed.  For the range be- 
tween pH  6.4  and  6.8,  CO2-saturated  distilled water  was added in 
quantities not great enough to cause osmotic effects.  For the range 
between pH 5.4 and 6.4 the desired hydrogen ion concentrations were 
produced by introducing a bit of solid CO, into one of the uprights of 
the U-tube, stoppering, and thus forcing the gas to bubble through 
the medium.  Three or four hours later when the temperature had 
returned to its original level the rate of locomotion was measured. 
This speed should correspond with that exhibited by the animals in an 
equally acid natural medium.  From the results shown in Fig. 2 C, 
it is apparent that a given pH produced by the addition of CO~ has 
this expected effect upon rate of locomotion. 
The duplication of the Curve A in Fig. 2 does not yet demonstrate 
the hydrogen ion as the effective agent.  Conceivably COs as such in 
small quantities might have  accelerative effects.  In  this  case  the 
observed effect on speed should be incapable of duplication with any 
other  acid.  However,  quite  the  opposite is  true.  If  we  employ 
valeric acid and observe the rate of locomotion at various concentra- 
tions, after 3 hours, the data duplicate those obtained with carbonic 
acid as well as those from the naturally aging culture  medium (B, 
Fig. 2). 
The hydrogen ion concentrations on the alkaline side of the neutral 
point were produced by means of ammonium hydroxide.  As can be 
seen from the figure the speed of swimming exhibited by the animals 
on the alkaline side of neutrality is  approximately the same as that 
shown by animals in a naturally aging culture medium of correspond- 
ing pH (A, B, C, Fig. 2).  It is unlikely, therefore, that the effect on 
speed is due to CO, itself, but rather to the hydrogen ion dissociated 
from H,CO3. 
V 
Since carbonic and valeric acids are known to penetrate cells easily, 
it is altogether possible that the observed effects are due to changes 
which these acids bring about within the cell.  If true, the hydrogen 
ion is effective not because it is present in the medium, but because it 
is present in the cell.  Accordingly animals exposed for equal lengths 
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acids which do not penetrate easily, should not exhibit these changes 
in speed.  To test this, samples of naturally neutral culture medium 
were adjusted to various pH values by the addition of hydrochloric 
or  sulfuric  acids.  Observations  after  4  hours  disclosed  a  speed of 
swimming identical with that to be observed in a  culture medium of 
pH 7.0.  In other words, although the pH in the medium was made to 
cover the range from 5.0 to 6.8, the animals behaved as though always 
exposed to neutrality (D, Fig. 2). 
The interpretation of this result in terms of permeability differences 
is rendered more secure by the use of indicators.  Paramecium readily 
absorbs  methyl  red.  If  such  stained  animals  are  introduced  into 
water  distilled  from  glass  and  rendered  slightly  acid  by means  of 
valeric acid, it is found that  after about 5 minutes immersion in the 
solution many very minute bodies scattered throughout the cytoplasm 
exhibit a  reddish  color instead of the uniform yellow which methyl 
red shows in neutral and slightly acid reaction.  On the other hand, 
when the solution to which the stained animals are subjected is very 
dilute sulfuric acid this color change does not occur unless the sulfuric 
acid  is  sufficiently concentrated  to  kill.  Unfortunately  methyl red 
undergoes its color change at a  pH very near that which is fatal to 
Paramecium, so that  even in the case of the valeric acid solutions it 
is necessary to use quantities likely to prove lethal in little more than 
an hour.  However, the fact that a  noticeable change occurred soon 
after immersion in the valeric, but not until movement had ceased in 
the  case of the  sulfuric,  indicates  that  valeric  acid is  able to  bring 
about a decreased pH of some constituents within the unharmed  cell. 
Experiments in which neutral red was the indicator gave somewhat 
similar results but these observations are not so reliable because this 
indicator  undergoes  its  color  change  in  the  region  of  the  neutral 
point (pH 7.0). 
The results, as far as they go, agree with those obtained by Chambers 
with methyl red on Ameba (1928), save that he confined his attention 
to  carbonic  acid. 
From  these  experiments  it  is  reasonable  to  assume  that  within 
physiological limits the valeric acid, in time, brings about an increase 
of hydrogen ion concentration in some parts of the interior of the cell, 
while sulfuric acid is unable to do this.  Thus, the changes in rate of AURIN M.  CHASE  AND  OTTO GLASER  633 
locomotion after prolonged exposure to any given pH may be attrib- 
uted to changes in the internal hydrogen ion concentration. 
VI 
Before attempting a  theoretical  explanation of this  result,  it  is 
necessary to  consider certain immediate increases in speed brought 
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FIG. 3.  Variations  in rate of  forward movement of  Paramecium during the 4 
hour  interval following a  sudden  alteration  in  the hydrogen  ion  concentration 
of the culture medium by various means. 
about by the addition of either organic or inorganic acids or alkalies. 
Short  in  duration, these  increases  are  followed  by rapid declines 
until after about ½ or ]  of an hour the animal~are swimming at rates 634  FORWARD  MOVEMENT  OF  PARAMECIUM 
rather less than those characteristic in infusions of pH 7.0.  Having 
reached this minimum there follows a period of recovery which lasts 
about an hour.  Finally a speed equilibrium is attained which may be 
either the normal speed of pH 7.0 or greater, depending on the type 
of acid to which the animals have been exposed.  If the acid be valeric 
or carbonic, the rate of locomotion after 3 or 4 hours is greater than 
normal at pH 7.0; on the other hand, if HC1 or H2SO4 be used, speed at 
the end of 3 or 4 hours is precisely that normal for pH 7.0 regardless 
of the acidity of the external medium (Fig. 3). 
VII 
From the data at hand we can hazard only a guess as to the mecha- 
nism involved in these immediate accelerations.  Instantaneous pene- 
tration of either organic or inorganic acids cannot be demonstrated. 
Apparently then, immediate acceleration after a  shift to either side 
of the neutral point must be attributed to some surface effect.  Purely 
as a working hypothesis we postulate, as essential for the ciliary beat, 
an amphoteric electrolyte localized superficially, perhaps in the cilia 
themselves.  If  the  degree to  which  this  ampholyte is  ionized  is 
important, the immediate accelerations produced by either acids or 
alkalies  could  be  accounted  for.  If  there  are  no  complications, 
equal quantities of either ion should produce equal effects.  Neces- 
sarily  our  ampholyte  is  present  in  limited  amount.  Hence after 
reaching a maximum speed, further additions of either hydrogen or 
hydroxyl ions, within physiological limits, should result in no further 
increases in rate of movement.  Finally, since increased speed under 
these conditions implies an uncompensated rise in the rate at which 
the ampholyte is being consumed, the initial bursts of speed should 
be followed by periods of decline.  We can imagine that during these, 
the  ampholyte  could  approach  its  original  concentration.  With 
inorganic acids therefore we should find a  restoration of the speed 
characteristic in the original medium; with organic acids however, the 
final speed should be perceptibly greater.  The higher speed equilib- 
rium manifest after 3 or 4 hours of continuous exposure to valeric or 
carbonic acid, in terms of this hypothesis, must be attributed to the 
ultimate and  demonstrable penetration of  the hydrogen ion.  This AURIN M. CHASE AND OTTO GLASER  635 
internal rise in [H'], we assume, is followed by an actual acceleration 
in the rate at which the essential ampholyte is synthetized.  Accord- 
ingly, immediate and final increases in  speed of swimming involve 
essentially  the  same  mechanism.  Under  the  conditions of these 
experiments increased ionization of a constant quantity of ampholyte 
would  be  indistinguishable from  an  increase  in  the  total  amount 
available  for dissociation.  While the experimental evidence behind 
this reasoning is incomplete, nevertheless Fig. 4  suggests a very fair 
approximation to the theoretical requirements. 
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FIG. 4.  Immediate effect on rate of forward movement of Paramecium of altera- 
tions in hydrogen ion concentration of the culture medium. 
VIII 
SUMMARY 
1.  At  constant  temperatures,  and  within  physiological limits, 
changes of pH in  either direction from the neutral point result in 
immediate increases in speed of movement of Paramecium. 
2.  These increases are temporary.  In 30 to 45 minutes a minimum 
of speed is reached.  This is followed by a period of recovery lasting 
about  an  hour.  Finally an  equilibrium is  found.  With  inorganic 636  FORWARD ~OVEMENT  OF PARAMECIIY~ 
acids (HC1 or H~SO,) the final speed after 3 or 4 hours is that charac- 
teristic of prolonged exposure to pH 7.0; on the other hand,  3 or 4 
hours after the application of either valeric or carbonic acid, speed is 
proportional to the [H  ~] of the external and, probably, of the internal 
medium. 
3.  These facts become explicable if we assume  that the ionization 
of an ampholyte superficially localized is  essential  for  the'execution 
of the ciliary stroke.  Valeric and carbonic acid, in time, demonstrably 
penetrate the cell.  As a working hypothesis we postulate that internal 
increase of the  [H']  accelerates the rate  at which this  ampholyte is 
synthetized;  but without  actually penetrating  the  cell, hydrogen or 
hydroxyl ions in the external medium could also increase the degree 
to which this ampholyte dissociates. 
4.  Increased  ionization  of a  fixed  quantity  of ampholyte  and  an 
increase in the rate of its production are in these experiments practi- 
cally indistinguishable.  Hence we assume that immediate and tem- 
porary increases of speed resulting from any change of pH, as well as 
final  and  permanently  higher  speed levels manifest only after pro- 
longed  exposures  to  organic  acids,  involve  essentially  the  same 
mechanism. 
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